Source localization using single current dipoles estimates equivalent centers of the spiking gray matter. The extent of the active cortex, however, is difficult to assess from scalp EEG because of the unknown individual volume conduction. The spatial scatter of dipole localizations of single spikes has been proposed as a measure of extent. Single spike localization, however, is strongly dependent on the signal-to-noise ratio (SNR), that is, the ratio of spike and background EEG amplitudes. On the other hand, averaging of all spikes yields only the localization of equivalent centers of activity. We investigated the influence of SNR and multiple subaverages on the estimation of spatial extent by comparing the localization scatter of 100 single spikes in 27 spike types of 25 epilepsy patients with 1000 different subaverages computed by random sampling and bootstrapping. Averaging increased SNR and therefore allowed for localization not only at the spike peak but also during spike onset when less cortex is active. In several subjects with known cortical lesions, the single spike scatter considerably exceeded the lesion. Single dipole scatter was highly correlated with SNR (r ϭ Ϫ0.83, P Ͻ 0.0001) and was greatly reduced when analyzing multiple subaverages of 10, 25, 50, and 100 spikes. Thus, we found a dominant role of the SNR on the estimated extent and improvement by scatterplots based on the dipole localization of randomly sampled subaverages.
I
nvasive recordings with intracranial electrodes are the diagnostic gold standard for the identification of epileptogenic and eloquent cortical areas in refractory partial epilepsy (Engel et al., 1981) before considering surgical removal. However, noninvasive techniques are required to identify potential candidates and build hypotheses for invasive procedures and/or surgery. Compared with other functional imaging methods such as positron emission tomography or single-photon emission computed tomography, electrophysiological measurements by surface EEG and magnetoencephalogram (MEG) provide unique information because of their high temporal resolution. During noninvasive EEG epilepsy monitoring, often a large number of interictal epileptic spikes is observed and can serve as an indicator where these spikes originated in the brain.
Therefore, source localization using equivalent current dipoles is frequently used as a noninvasive procedure to analyze interictal spikes in EEG and MEG (Baumgartner et al., 2000; Ebersole, 1997; Fischer et al., 2005; Otsubo et al., 2001; Pataraia et al., 2005; Stefan et al., 2003; Stefan et al., 2004; Yoshinaga et al., 2002; Yoshinaga et al., 2005) . The location of the best-fitting dipole represents an equivalent center of the spiking gray matter. It is found at a deeper equivalent site within the white matter below the active cortical convexity. Since the volume conduction of the individual head is not known, the same equivalent location can represent both narrow and fairly extended regions of cortex with high precision. The estimated depth covaries with the cortical extent of an epileptic spike and inversely with the effective conductivity from brain to scalp. In addition, epileptic spikes may have propagated from their onset zone before activating an amount of cortex sufficient to raise the amplitude of scalp spikes above EEG background. Hence, equivalent current dipole localization at the spike peak can reflect a false compromise location between the different active cortical areas that have been recruited by the time of spike peak resulting from the largest overlap at the scalp (Scherg et al., 1999) .
Thus, the information contained in spike peak data of the scalp EEG alone-apart from spike amplitude-is insufficient for an estimate of the extent of the spiking cortex. In particular, this is true for single epileptic spikes that are embedded in the ongoing EEG and therefore have a low signal-to-noise ratio (SNR) , that is, the amplitude ratio of the spike voltage and the mean EEG background activity before the spike.
Despite these problems, it has been proposed to use the spatial scatter of single spike localization at the spike peak as an estimate of the irritative zone. Differences in dipole location between individual spikes are thought to reflect involvement of different neuronal populations within an extended irritative zone (Chitoku et al., 1999; Chitoku et al., 2003; Otsubo et al., 2001; Sato et al., 1991; Yoshinaga et al., 1999) . However, interictal spike analysis by dipole modeling is also markedly influenced by SNR both in EEG and MEG (Kobayashi et al., 2005; Stephen et al., 2003) . As noise one must consider the background activity concurrently generated by brain regions other than the spiking zone or by artifacts due to eye movement, cardiac, and other external sources. To reduce the overlap of background noise, averaging of similar spikes was introduced (Thickbroom et al., 1986; Wong, 1989) . The effects of spike averaging on raw data are displayed in Fig. 1 . Averaging also helps to raise the amplitude of the spike during the onset phase sufficiently above EEG background to localize the earliest site of spike origin (Bast et al., 2004; Bast et al., 2005; Huiskamp et al., 2004; Huppertz et al., 2001; Michel et al., 2004; van der Meij et al., 1993) . However, differences in origin between the individual spikes may get lost in the averaging process even if spikes with similar spatio-temporal evolution in scalp topography are selectively detected and averaged (Bast et al., 2004) .
This study combined the potential advantages of both approaches by computing multiple subaverages and investigating the dipole scatter of single spikes in comparison with the scatter of multiple subaverages of 10, 25, 50, and 100 spikes obtained by random selection and bootstrapping. In addition, this study investigated the influence of SNR on dipole scatter and attempted to separate the two factors underlying dipole scatter, that is, the extent of the irritative zone and the influence of EEG background activity. Furthermore, analysis of dipole scatter was performed at different time points during the spike onset phase to assess spike propagation phenomena.
Patients
Patients were recruited from various studies through the use of simultaneous EEG and MEG recordings in epilepsy intended to localize interictal spikes and event-related activities. Patients (and parents) gave their informed consent to participate in the original studies, which were approved by the local ethics committee of the University Hospital of Heidelberg. Overall 102 epileptic patients were investigated by simultaneous EEG and MEG recordings at our institution between 1998 and 2003.
Electroencephalographic data sets were screened for the following inclusion criteria: All recordings containing a minimum of 100 similar focal spikes were retained. Similarity was defined by an automatic pattern search (see Methods section). Each spike type presenting with a minimum of 100 single spikes was included for further analysis. Generalized spikes and focal spikes with fast contralateral propagation (Ͻ40 ms) were excluded.
On the basis of these criteria, EEG data from 25 patients were included in the study (MEG results to be reported separately). Multifocal epileptic discharges were identified in seven recordings. However, only two patients had two independent foci, each presenting with more than 100 single spikes.
Clinical Data
Twenty-five patients (12 male and 13 female) between 3 and 22 years of age (mean, 10 years) were included. Clinical data are summarized in Table 1 . A symptomatic epilepsy syndrome was diagnosed in 13 patients. Nine had the diagnosis of idiopathic and three of cryptogenic epilepsy. Of thirteen patients with symptomatic epilepsy (patients 1 through 13), eight presented with malformations of cortical development (five focal cortical dysplasia [FCD] and three polymicrogyria [PMG] ). Results from these eight patients have been reported recently (Bast et al., 2004; . Nine patients underwent epilepsy surgery (patients 1 through 5, 9 through 11, and 13, Table 1 ). Invasive recordings with subdural grid electrodes were performed in four and intraoperative electrocorticography in another three patients. Histopathology confirmed the clinical diagnosis in all patients. Postoperative outcome was excellent in six patients (Engel class 1, patients 1, 2, 5, 9, 10, and 13). Lesionectomy was incomplete in patients 3 and 4 because subdural grid recordings suggested motor/language function near the planned resection area. Patient 4 (right frontocentral FCD) underwent a second invasive recording with depth and subdural electrodes 2 years later. A second resection led to an improved FIGURE 1. Effects of averaging on SNR (mean signal-to-noise ratio of the 100 single spikes). One single spike of type 18b is displayed on the right. AV100/AV25/AV10:100/ 25/10 averaged spikes each. Note marked reduction of background noise activity with increasing number of averaged spikes.
outcome (Engel 2A; 12 months) . Patient 11 had CSWS (syndrome of continuous spike waves during sleep) and complex-partial seizures. CSWS onset was localized in the parietal lobe. MRI showed a diffuse hemispheric atrophy and hippocampal sclerosis. Temporal resection including amygdalohippocampectomy at the age of 8 years did not lead to seizure freedom, and CSWS persisted.
At time of the EEG/MEG recording, 21 patients were treated with one to three different antiepileptic drugs (see Table 1 ).
METHODS

EEG Acquisition
Thirty-three surface EEG electrodes were placed according to the 10 to 10 system including inferior temporal electrodes (F9/10, T9/10, P9/10) with impedance below 10 kOhm. Fiducials, EEG electrodes, and 15 additional surface points were digitized with a Polhemus Isotrak II system (Inition Ltd., London, UK) for source modeling and MRI coregistration.
A 33-channel EEG (Neuroscan) was recorded in a resting condition for 20 to 40 minutes (8/25 during spontaneous sleep) simultaneously with MEG (Neuomag122). Since the patients were recruited from different studies, various sampling rates (320 Hz, 400 Hz, 769 Hz) and filter settings (0.1 Hz to 80 to 256 Hz) were used.
EEG Spike Detection and Averaging
Electroencephalography was analyzed off-line (BESA, MEGIS Software GmbH, Graefelfing) and inspected visually by using a time constant of 0.3 seconds to mark segments with artifact. Typically 1 to 2 noisy EEG channels were excluded. Prototype spikes were identified visually to detect similar spikes in a spatio-temporal pattern search (Scherg et al., 2002) , using a selected montage with 4 to 7 EEG average- Syndrome: s, symptomatic; i, idiopathic; c, cryptogen; lesion: FCD, focal cortical dysplasia; PMG, polymicrogyria; GGL, ganglioglioma; PIH, perinatal postischemic/-hypoxic lesion; RE, Rasmussen encephalitis; AED, antiepileptic drugs at time of EEG: CBZ, carbamazepine; CLN, clonazepam; DPH, phenytoin; GBP, gabapentin; LEV, levetiracetam; LTG, lamotrigine; OXC, oxcarbazepine; PHB, phenobarbital; STM, sulthiame; TGB, tiagabine; VPA, valproate; invasive recording: grid, subdural grid electrodes; EcoG, intraoperative electrocorticography; HT, hemispherotomy; histopathology: FCD classification according to Palmini et al., 1995 ; HS, hippocampal sclerosis. *A second invasive recording and right frontal resection in patient 4 led to Engel outcome 2A (12-month follow-up).
referenced channels that showed clear spike signals. Details of the spike detection procedure have been published previously (Bast et al., 2004; Bast et al., 2005) . In all patients, more than 100 spikes were detected. In two patients, two independent spike types were detected, each with more than 100 single spikes. Thus, 27 spike types were subjected to averaging and source analysis.
For each type, 100 single spikes were selected randomly from the set of detected spikes, segmented (Ϯ1000 ms around peak) and filtered for dipole analysis using a time constant of 0.1 seconds and a high filter of 70 Hz. The 100 spikes were then averaged to define the time points of spike onset (t 0 ) and peak (t p ) and the time points at 25% (t 25 ) and 50% (t 50 ) of the onset-to-peak interval. The spike peak (t p ) was detected from the maximum in the global field power around the spike trigger. To define spike onset time (t 0 ), a regional source was fitted around the spike peak (Ϯ1 sample). Noise was defined from source power in the interval of -1000 ms to -500 ms before the spike peak. Spike onset (t 0 ) was defined as the point in time at which the source power exceeded the threefold of the noise from the prespike interval.
To analyze the influence of averaging on the spatial scattering of spikes, 1000 different averages of 10, 25, 50, and 100 spikes each were computed as follows: To obtain different averages with 100 spikes each, a bootstrap sampling procedure was performed 1000 times (AV100). Bootstrap samples were generated by sampling with repeated drawing of the same spike from the basic group of 100 spikes and replacement. The bootstrap method provides a nonparametric method for assessing the accuracy and reliability of estimated sources and was recently applied to analyze event-related activity (Darvas et al., 2005; Di Nocera et al., 2000) .
Corresponding but not identical to this classical bootstrap procedure, 1000 averages were obtained by repeated random selection of 10 (AV10), 25 (AV25), or 50 (AV50) of the 100 original spikes. Subsampling for each set of 1000 averages was without multiple drawings.
Dipole Localization of Single Spikes and Averages
Single dipole localization was performed at each of the four time points (t 0 , t 25 , t 50 , and t p ) and goodness of fit (GoF) was assessed for these time points. The following data sets were analyzed separately: 100 original single spikes (S100), an average of these 100 original spikes, and 1000 subaverages for each of the four subsampled sets (AV10, AV25, AV50, AV100). Dipole localization was performed within a spherical four-shell head model, adapted to the ellipsoidal shape of the electrode cloud, with empirical adjustment of bone thickness and conductivity ratio (bone relative to brain/ scalp), according to age (Ͻ5 years: 5 mm/0.02; 6 years: 5/0.018; 7 years: 5.1/0.016; 8 years: 5.4/0.014; 9 to 10 years: 5.7/0.012; 11 to 12 years: 6/0.01; 13 to 14 years: 6.3/0.008, 15 to 16 years: 6.7/0.006; adult: 7/0.0042). All EEG channels except those excluded for noise or artifacts were included for dipole modeling. Dipole localizations were displayed in scatterplots within the individual MRI in patients with potentially epileptogenic lesions, using the BrainVoyager program (Brain Innovation BV, Maastricht, The Netherlands).
For all subjects, scatterplots were created within the spherical head model for the 100 single spikes (S100) and for the 1000 samples for each of the subaverages with 10, 25, 50, and 100 spikes (AV10, AV25, AV50, AV100). For the single spikes, additional scatterplots were generated that contained the dipole locations of all dipoles with a goodness of fit exceeding 90% or 95%.
Quantitative and Statistical Analyses
Spike types were characterized by the total number of spikes detected, the lobar localization, the mean SNR of the 100 selected original single spikes, and the number of spikes, namely the percentage, for which goodness of fit exceeded 90% and 95% (Table 2) . For all averages and single spikes, SNR was computed by using the global field power and taking the root of the mean power in the peak interval divided by the mean power in the prespike interval (1000 ms to 500 ms before peak).
Quantitative and statistical analysis was performed with the use of MATLAB. To analyze the size of localization scatter for each condition, the mean localization of the boot- Side: l, left; r, right; Loc, localization; c, central; f, frontal; o, occipital; p, parietal; t, temporal; Single spikes: n ϭ total number of spikes identified by pattern search (r Ͼ 0.85); SNR of the selected 100 single spikes; GoF Ͼ90%/95% ϭ number of single spikes (of 100) for which the spike peak was fitted by a single dipole with a goodness-of-fit better than 90%/95%. strap-100 averages, that is, the center location of AV100 at each of the four time points, was used as an estimated reference center of the spike activity. Mean Euclidean distances to these centers at the four time points (t 0 , t 25 , t 50 , t p ) were calculated as a measure of localization scatter for each spike type and condition (S100, AV10, AV25, AV50, AV100).
Correlation analysis was performed between the SNR of the single spikes and their mean localization scatter and between the SNR of AV10 and the mean localization scatter of these subaverages. The Pearson correlation coefficient (r) was calculated, and significance was assessed by using tstatistics by MATLAB.
RESULTS
Single Spikes
Twenty-seven spike types presenting with at least 100 high correlating single spikes were identified in 25 patients ( Table 2 ). The number of identified spikes per type ranged from 101 to 541 (mean, 187). Seven spike foci were localized within the right hemisphere, and 20 were left-sided. The maximum of spike activity showed the following lobar localization: frontal, 3; central, 12; parietal, 1; occipital, 4; and temporal, 7. After random selection, 100 single spikes were analyzed separately and averaged for each spike type (Fig. 1) . The mean SNR of the 100 selected spikes varied from 1.1 to 6.0 in the different spike types (Table 2) .
Single spike dipole localization at the peak (t p ) exceeded the 90% GoF threshold in 15 to 99 of the 100 single spikes (mean, 54; Table 2 ). During spike onset at t 50 , the number of spikes meeting this criterion was much lower (0 to 90; mean, 36). The 95% GoF threshold was only exceeded in 2 to 87 (mean, 25) of the 100 single dipoles at t p and in 0 to 58 (mean, 14) at t 50 .
In Fig. 2 , single dipole scatter at t 50 is depicted for patients 2 and 5, both for all single dipoles and for those with a GoF criterion exceeding 90% and 95%. In some cases with FCD and PMG, the localization scatter of single dipoles with GoF Ͼ95% exceeded the extent of the potentially epileptogenic region as defined by the cortical lesion in MRI at t 50 (spike types 1, 2, 3, 5, 6, 7, 8) and at the peak (spike types 1, 4, 5, 6, 7, 8). Dipoles were localized in the contralateral hemisphere even when applying a GoF criterion Ͼ95% at t 50 (spike types 1, 7) and t p (spike type 7). A GoF Ͼ90% criterion led to a contralateral localization of dipoles in 6 spike types at t 50 (spike types 1, 3, 4, 5, 6, 7) and 4 spike types at t p (spike types 1, 2, 5, 7) ( Fig. 2b and Fig. 3 ). The exclusion of spikes by the GoF criterion often reduced the number of spikes to such an FIGURE 2. a, Superposition of dipole scatterplots on the individual MRI of patient 2 (3-year-old girl with left frontal FCD, seizure free after resection). Dipole localizations were calculated at time point t 50 (50% onset-to-peak interval). Anatomic lesion is marked by arrows (blue). Subaverages of 100, 25, and 10 spikes are compared with all 100 single spikes and those exceeding a goodness-of-fit (GoF) criterion of 90% and 95%. The upper two rows show the sources lying within Ϯ5 mm of the displayed coronal (top) and transversal (middle) slices. Three-dimensional plots (bottom) show all sources in a transparent mirrored top view. Note that single dipoles tend to localize toward greater depth as compared with the anatomic lesion. Hemispheric mislocalizations occur for a GoF criterion less than 95%. SNR, mean SNR of single spikes. b, Superposition of dipole scatterplots on the individual MRI of patient 5 (12-year-old boy with left fronto-precentral FCD, seizure free after resection). For details, see a. Note that single dipole scatter exceeds the extent of the lesion (GoF Ͻ95%) and the number of spikes becomes too small to assess extent, if a GoF of 95% is required.
extent that an appropriate estimate of localization scatter was no longer possible, particularly during the spike onset phase (Fig. 3) .
Averaged Spikes
Figure 2 also depicts the dipole scatterplots for the different averaging conditions in patients 2 and 5 during spike onset (t 50 ) and shows the decrease of the size of dipole localization scatter when the number of averages increased.
Results of six additional representative spike types (spikes 4, 7, 12, 18b, 19, and 22) are displayed in Fig. 3 for the different phases during spike onset (t 25 , t 50 ) and at the spike peak (t p ). In Fig. 3a , the three displayed spike types (7, 18b, and 22) did not show propagation from onset to peak. In the three spike types (4, 12, and 19) of Fig. 3b , propagation from onset to peak was observed in the averages, particularly from t 25 upward. In these cases, single spike analysis was not conclusive because localization scatter was very large and only a small number of dipoles exceeded GoF 90% during onset.
At the spike peak (t p ), the mean Euclidean distance of dipoles as compared with the reference center, for example, the mean localization scatter of AV100, was 3.09 mm for AV100, 3.15 mm for AV50, 5.05 mm for AV25, 8.14 mm for AV10, and 24.80 mm for the single spikes (Table 3 ). Figure  4 demonstrates the effect of the number of spikes included for average on the extent of dipole scatter at each of the four time points. Dipole scatter decreased considerably with the number of averaged spikes and was much smaller at the spike peak for the single spikes and all average conditions as compared with the scatter at earlier time points during onset. The diagrams in Fig. 4 can serve to estimate the required number of averages to obtain a set of resampled or bootstrapped subaverages having a scatter below 20 mm in 95% of the cases: Averages of at least 25 spikes were required at t 50 ; averages of a minimum of 10 spikes were required at the spike peak (t p ).
Dipole scatter as defined by the different subaverages could be compared with the results of invasive recordings only in three cases who also had subdural recordings (patients 1, 3, and 5; Fig. 6 ). In all cases, the dipole scatter of AV100 corresponded well to the center of the irritative zone as defined from recordings with subdural grid electrodes. AV10 dipole scatter was more widespread but did not match the invasively defined extent of the irritative zone in these three patients. No conclusive results were found in patient 4 with right frontal FCD, who showed multifocal spike activity in the noninvasive EEG. Subdural and depth electrodes covered the right frontal lobe. Spikes at these invasive electrodes agreed well with the right frontal EEG spike cluster. This cluster, however, could not be included in the analysis, because the number of detected "similar" spikes was less than 100. Thus, only the left temporal spikes were included for scatter analysis in patient 4. This region was neither covered by invasive electrodes nor resected.
Influence of SNR on Dipole Scatter
The level of EEG background noise as defined by the mean SNR of the single spikes and of the subaverages showed a strong influence on the extent of dipole localization scatter when depicting SNR against dipole scatter (Fig. 5) . Localization scatter, that is, the mean Euclidean distance to the reference center of AV100, was highly correlated with the mean SNR of the single spikes for the different spike types (r ϭ -0.83, P Ͻ 0.0001, Fig. 5A ). In the averages with subsamples of 10 spikes Dipole scatter: mean Euclidean distance of dipoles compared with the mean bootstrap-100 localization. Percentage values compared with the dipole scatter of single spikes are displayed in the lower part of the table. t 0 ϭ spike onset, t 25 ϭ 25% onset to peak interval, t 50 ϭ 50% onset to peak interval, t p ϭ peak. AV100 ϭ bootstrap of 100 spikes (1000 subaverages), AV50/AV25/AV10 ϭ 1000 subaverages obtained by sampling without replacement of 50/25/10 spikes. Single ϭ single spikes, i.e., ϭ 100 selected original spikes.
(AV10, Fig. 5B ), dipole scatter was considerably smaller but the influence of SNR on dipole scatter was similarly present. Again, the correlation of mean SNR of these subaverages and spatial scatter as expressed by the scatter of the AV10 dipole locations was very high (r ϭ -0.79, P Ͻ 0.0001).
DISCUSSION
Our results demonstrated a very strong dependence of the scatter of dipole localization on SNR, both for single spikes and subaverages of 10 spikes. In several cases, single spike localization scatter even exceeded the known cortical epileptogenic lesion or the irritative zone as defined from invasive recordings. Thus, the interpretation of localization scatter as an indicator of the extent of the irritative zone must be questioned since the two factors SNR and extent of the spiking tissue cannot be separated easily. In the present study, the number of cases in which the extent of the cortical lesion could be determined from MRI unambiguously or invasive recordings were available for comparison was too small to allow for such separation.
To improve the reliability of single dipole scatterplots, it has been suggested to select only those spikes that exceed a minimum threshold in SNR and goodness of fit, e.g., GoF Ͼ95% (Chitoku et al., 2003; Yoshinaga et al., 2005) or even GoF Ͼ98% (Yoshinaga et al., 2002) . Such selection, however, would have left only a small number of interpretable cases, for example, those with large spike peaks that clearly emerged from EEG background, for example, spike types 7 and 22 (cf. Fig. 3, Table 2 ). In many cases, the number of remaining spikes would have been too small to assess extent (cf. Fig. 2 and Fig. 3) . With a strict GoF criterion (Ͼ95%) less than 25 analyzable spikes would have remained in 17 of the 27 spike types, that is, more than 60% of the cases would have been barely interpretable.
Furthermore, spike onset would not have been localizable in most cases when only using single spike localization as the result of small SNR and GoF. A typical time point to estimate onset activity is 50% of the rising phase of the spike (Huppertz et al., 2001; Michel et al., 2004) . In the present study, the mean number of acceptable single spike dipoles modeling t 50 was only 36% for GoF Ͼ90% and 14% for GoF Ͼ95%. This means that depending on the time point analyzed, an even larger number of spikes is not included when estimating the clinically relevant onset zone.
Large SNR and large spike peaks can result from several factors: good skull conductivity (better at younger age), superficial spike focus, and large spiking surface. However, the relatively synchronous spiking of a large cortical surface and thus a large and conspicuous spike peak can be induced by propagation from a smaller focus with a considerably smaller and earlier spike peak (Bast et al., 2005) . To confirm focal onset in the area underlying the large spike peak or to define a smaller separate onset zone, localization at an earlier time during spike onset is required. Our results, however, clearly indicated that the smaller SNR during spike onset does not allow for a sufficient number of interpretable spikes in most cases given a certain GoF criterion. Thus, the information of several single spikes needs to be combined, for example, by averaging, to improve SNR for spike onset localization.
Therefore, this study also investigated the effects of averaging. Rather than creating only one average of all spikes with similar spatio-temporal evolution at the scalp (Bast et al., 2004) , we investigated the scatter resulting from multiple subaverages of 10, 25, 50, and 100 spikes. For the generation of the latter, it was necessary to use bootstrapping methods similar to previous studies on event-related activity (Darvas et al., 2005; Di Nocera et al., 2000) . A direct comparison of the scatterplots of these subaverages with the single spike scatter, using a GoF threshold of 95% and 90% (Fig. 4) , revealed that the 1000 subaverages yielded more compact localization clusters. Compactness increased with the number of averages. Cluster shape appeared to represent the size of the underlying spiking zone, at least to some extent. However, cluster shape must be interpreted with caution because the localization scatter of the subaverages with 10 spikes (AV10) was still highly correlated with SNR. Because only 8 cases with relatively circumscribed epileptogenic cortical lesions were available and comparison with invasive recordings was only possible in three patients with FCD and Engel outcome 1, further analysis of the scatter was not feasible.
Dipole scatterplots of the localization of subaverages of 10 or 25 spikes in conjunction with the analysis at different time points during spike onset (cf. Fig. 3 ) provided a twofold advantage over previous methods using either single dipole scatter (Baumgartner et al., 2000; Fischer et al., 2005; Otsubo et al., 2001; Pataraia et al., 2005; Stefan et al., 2003; Stefan, et al., 2004; Yoshinaga et al., 2002; Yoshinaga et al., 2005) or only a single sample of one spike average (Bast et al., 2004; Bast et al., 2005; Huiskamp et al., 2004; Huppertz et al., 2001; Michel et al., 2004; van der Meij et al., 1993; Wong, 1989) . On the one hand, they provided a better estimate of the uncertainty of the localization; on the other hand, they pointed out a potential propagation before the spike peak at the scalp, as shown in Fig. 3b for spike types 4, 12, and 19. In contrast to the subaverages of 10 and 25 spikes, the subaverages of 100 spikes, based on bootstrap sampling, showed much less scatter and appeared to reflect an equivalent center of the spike activity at the respective time during onset and peak. Thus, their mean locations could be used as a reference center to measure scatter as the mean distance of all localizations from these equivalent centers.
When analyzing simulated epileptic spikes with real background activity in MEG, Stephan et al. (2003) demonstrated an influence of noise on the localization error of modeled equivalent dipoles. The localization error was correlated with noise (r ϭ -0.314, P Ͻ 0.001). In our EEG study, the correlation of scatter with noise was much stronger (r ϭ -0.83, P Ͻ 0.0001), thus supporting the notion that single spike dipole scatter in EEG is even more dependent on noise and less on extent compared with MEG.
Spike averaging appeared to be justified in our study because of the high spatio-temporal similarity of the individual spikes (correlation of single spikes over 4 to 7 prominent EEG channels with average greater 0.85). Furthermore, the averaging procedure did not substantially reduce the spike amplitude as compared with the mean amplitude of the single spikes, and temporal blurring was very small as the result of the spatio-temporal pattern search procedure that was based on the multiple EEG channels (Scherg et al., 2002) . Despite this spatio-temporal similarity between the single spikes and the average, the background activity in the EEG was strong Table 1 . Scatterplots demonstrate a correspondence of the center of the irritative zone as seen in the invasive recordings with the cluster of the subaverages of 100 spikes (AV100). The complete irritative zone is not exactly matched by any subaverage cluster because the extent of the latter is mainly determined by the ratio of spike signal and EEG background noise.
enough to result in a mean single dipole scatter of 25 mm at the spike peak and 35 mm at t 50 .
Neither the dipole scatter analysis introduced in this study nor other currently available inverse methods can solve one of the major goals of inverse modeling of noninvasive electrophysiological recordings, for example, the estimation of the extent of the activated cortex.
First, the extent of an activated cortical area must be wide to generate a spike signal on the surface. In a recent study by Tao et al. (2005) , only few spikes recorded by intracranial electrodes were associated with surface EEG spike patterns. Ninety percent of the spikes were visible in surface traces in the case of a cortical activation with an extent Ͼ10 cm 2 . Cortical spike activation with an extent Ͻ6 cm 2 was never observed in traditional EEG surface montages (Tao et al., 2005) . Thus, each dipole within a cluster is likely to represent an activated cortical area of at least 6 cm 2 . This applies for single as well as averaged spike analysis. Conversely, an equivalent dipole can describe an area of 10 cm 2 very accurately (Scherg et al., 2002) . Thus, the inverse model leaves no degrees of freedom to estimate the extent and its covariate conductivity, for example, in first-order approximation the skull-brain conductivity ratio, at the same time. For such an estimation, unrealistic SNR ratios of several tenthousands or more would be needed in addition to more precise head models.
Second, additional background EEG noise leads to an intrinsic overestimation of the extent when using equivalent dipole scatterplots based on single dipoles or only a few averages. Conversely, large numbers of averages, as presented by the AV100 results, lead to underestimation of extent. The presented clusters based on subaverages of 10 and 25 spikes appear to be a realistic compromise, but a rule cannot be derived from this because the scatterplots based on these subaverages are strongly dependent on SNR and only indirectly on the unknown extent of the underlying spiking cortex.
Third, inverse methods based on distributed source models, for example, LORETA, have an intrinsic low resolution that per se leads to additional spatial smearing of the estimated spiking zone (Zumsteg et al., 2005) . In these methods, the estimation of extent is not given by the EEG data but is due more to the spatial constraints of the source space imposed by the selection of cortical boundaries in a standard or individual brain as segmented from MRI.
The patients included in this study were recruited from various studies on simultaneous EEG and MEG in epilepsy. Among the cases with lesion-related epilepsy, both the patients with focal cortical dysplasia (Bast et al., 2004) and polymicrogyria (Bast et al., 2005) showed equivalent dipole localization of the averaged spike onset within the lesioned area. Because of propagation, single dipole localization at the peak would have resulted in mislocalization in two cases. The inspection of the scatterplots of the subaverages of 10 and 25 spikes showed that only some part of the lesion may be involved in spike generation (cf. Fig. 2a ). Single spike scatterplots, on the other hand, can exceed the actual size of the lesion (cf. Fig. 2b ). However, our study mainly included patients with fairly extended lesions, and only few patients were investigated with invasive electrodes. Future work needs to include more cases with more circumscribed lesions and preoperative invasive recordings.
CONCLUSION
The spatial scatter in single dipole localization of multiple single spikes in the scalp EEG mainly reflected the SNR between spike amplitude and EEG background. The number of single EEG spikes remaining for analysis of extent became too small when strict goodness-of-fit criteria were applied, and spike onset could not be analyzed. Averaging, in contrast, permitted analysis of spike onset and propagation from the time of onset to the apparent scalp peak.
Given the two extreme methods, namely single dipole scatterplot at the spike peak on the one hand and analysis of one average of all spikes on the other hand, we were able to demonstrate the usefulness of a combination of both methods. By analyzing subaverages of 10 or 25 dipoles, an estimate of uncertainty and extent can be obtained. The related dipole scatterplots depict equivalent centers and source clusters both for the spike onset and peak thus revealing propagation and, to some degree, extent.
The proposed method appears most suited to identify the spike onset zone. During the spike peak, multiple areas can already be active. Thus, it would be more appropriate to apply multiple source analysis to the averaged spikes in the onset-to-peak interval (Bast et al., 2004; Bast et al., 2005; Scherg et al., 1999) . In any case, an indication of a potential propagation can be found by comparing the onset and peak clusters, using the presented new method.
